Objective: The aim of this study was to estimate the probabilities and identify risk factors for entering the menopausal transition and moving into each subsequent transition stage.
M
enopause marks the end of women's reproductive capacity, but it signals more than end of fertility. Health issues such as low bone mineral density, sexual problems, mood disorders, and disturbed sleep increase around menopause, although the extent to which these problems are associated with diminished ovarian reserve is not well understood. 1 Associations between hormone changes, menopausal symptoms, and other health issues associated with menopause have been aided by staging the menopausal transition. We adapted the stages as proposed by the Stages of Reproductive Aging Workshop (STRAW), 2 which continue to undergo validation, and identified differential associations between menopausal stages and reproductive hormones and between the stages and common menopausal symptoms that occurred well before the point of menopause. 3/5 However, the probabilities of an individual woman moving from one menopausal stage to the next, particularly in the earliest transition stages, have not been quantified, and the effects of risk factors on the probabilities have not been determined. Such information is essential to individualize the treatment of health issues associated with menopause.
The objectives of this study were to estimate the probability of entry into each sequential stage of the menopausal transition and identify risk factors associated with these transitions. We hypothesized that reproductive hormone levels, age, race, smoking, body mass index (BMI), alcohol use, and age at menarche are predictors of transition from one menopausal stage to the next. We suggest that if the probabilities of progressing to the next menopausal stage can be calculated, then individual treatment of menopausal symptoms may become more feasible. For example, women may be more willing to tolerate symptoms for a short time period but seek treatment when symptoms persist. The riskto-benefit ratio of treatments is also affected by the duration of treatment. A woman may accept an effective treatment with troublesome side effects for a short time period but choose an alternative with fewer side effect when the expected duration is long.
METHODS

Cohort participants
The Penn Ovarian Aging Studies are based on a population-based cohort of 436 women. The cohort was identified by random-digit dialing to households in Philadelphia County, PA, as described in previous reports. 5 Sampling was stratified to obtain equal numbers of African American and white women (n = 218 in each group). The institutional review board of the University of Pennsylvania approved the study, and written informed consent was obtained from all participants.
At enrollment in the cohort, the participants were aged 35 to 47 years with regular menstrual cycles in the reference range (22-35 d) for the previous three cycles, had an intact uterus, and had at least one ovary. Exclusion criteria included current use of psychotropic or hormonal medications including hormonal contraception and hormone therapies, pregnancy or breast-feeding, serious health problems known to compromise ovarian function (eg, diabetes mellitus, liver disease, and breast or endometrial cancer), and alcohol or drug abuse within the past year.
During the 9-year interval, 125 cohort members discontinued. Baseline comparisons of all variables in this report between the discontinuers and the participants who continued throughout the study identified only one variable that differed significantly between the two groups ( Table 1) . The discontinuers had slightly higher follicle-stimulating hormone (FSH) levels on average, although this did not seem to be clinically meaningful, and both groups were clearly at premenopausal levels. We previously reported a study of the demographic and hormonal characteristics of the sample and found that in the first 5 years of the cohort with 58% (73/125) of the discontinuers, there were no substantial differences in the comparison between the active and inactive participants, indicating that discontinuation was spread equally across study characteristics. 6 
Study design
The cohort was followed for 9 years with 10 assessment periods. The first five periods were at approximately 8-to 9-month intervals; the later assessments were at 1-year intervals. Blood samples for the hormone assessments were obtained in each assessment period during the first 6 days of two consecutive menstrual cycles or 1 month apart in noncycling women, yielding a possible maximum of 20 hormone samples per participant.
Trained research interviewers obtained the blood samples, anthropometric measures, and all other study data in individual in-person interviews at the participants' homes. The study was explained to the participants as a general women's health study. At each assessment period, a structured interview questionnaire focused on overall health, and participants completed a set of validated self-report measures to assess health and other variables of the study as previously described.
3,5
Study variables
Menopausal stage
We defined five stages of menopausal transition based on menstrual bleeding patterns and adapted from the Stages of Reproductive Aging Workshop (STRAW) 2 to capture the early changes in the menopausal transition. We previously compared these stages with other staging definitions and demonstrated significant associations of the stages with reproductive hormone changes. 5, 7 The following five categories were defined in this study: (1) premenopausal: regular menstrual cycles in the 22-to 35-day range; (2) late premenopausal: a change in cycle length of 7 days or more in either direction from the participant's personal baseline at enrollment in the cohort and observed for at least once cycle in the study; (3) early transition: changes in cycle length of 7 days or more in either direction from the participant's personal baseline at enrollment in the cohort and observed for at least two consecutive cycles in the study or 60 days amenorrhea; (4) late transition: 90 days to 11 months amenorrhea; and (5) postmenopausal: 12 months or more amenorrhea excluding hysterectomy.
Menopausal stage was identified at each assessment period using the menstrual dates at each study visit (visits were conducted within 6 d of bleeding) and the two previous menstrual dates obtained at each visit. Additional confirmatory data were obtained from the daily symptom diaries that participants recorded for one menstrual cycle at each assessment period (the diary date was used in cases of disagreement), the reported number of menstrual periods between assessments, cycle length, and number of bleeding days.
Hormones
Follicular phase blood samples were collected during days 1 to 6 of the menstrual cycle. Assays were conducted in the Clinical and Translational Research Center of the University of Pennsylvania. All assays were performed in duplicate, with the means of the duplicates used in analysis. Estradiol and FSH were measured by radioimmunoassay using Coat-A-Count commercial kits (Diagnostic Products, Los Angeles, CA). The interassay and intra-assay coefficients of variation (CVs) were less than 5%. Dimeric inhibin B was measured in serum by Patrick Sluss, PhD, Massachusetts General Hospital, Boston. Inhibin B assays were performed with a solid-phase sandwich enzyme-linked immunosorbent assay (Diagnostic Systems Laboratories, Inc., Beckman Coulter, Houston, TX) based on the use of plates coated with a monoclonal antibody specific for the >-subunit for detection. 8, 9 The limit of measurement for the assay was 15 pg/mL (CV, 20%). Values below the sensitivity threshold (15 pg/mL) were given the threshold value. The assay was controlled in triplicate using samples with mean concentrations of 155.3, 316.3, and 919.3 pg/mL, with interassay CVs of 11.6%, 7.6%, and 9.7%, respectively. The reference ranges for women are as follows: normally cycling women, follicular phase: 64 to 146 pg/mL; normally cycling women, midcycle: 47 to 169 pg/mL; normally cycling women, luteal phase: less than 15 to 72 pg/mL; postmenopausal women not receiving hormone therapy: less than 15 pg/mL.
Other covariates
Covariates of age, race (African American or white), current smoking (yes, no), BMI (in kilograms per meter squared), alcohol use (yes, no), and age at menarche were obtained in the study interviews and selected for this report based on their significance in previous reports and the goals of this study.
Statistical analysis
A Markov transition model was used to characterize the five-stage transition to menopause. The Markov assumption is that the menstrual history affects the future stages only through the information in the current stage, and risk factors influence the progress to menopause by influencing the transition probabilities. Unlike logistic regression and survival analysis, which use only the information from the first and last visit and only describe the event of postmenopause, the Markov model uses the information from all study visits to characterize transitions among the five stages and facilitate the prediction of the future stage based purely on the information in the current stage. These procedures are highly analogous to clinical practice.
For this particular application, an ordinal Markov transition model was used, in which a participant can get to stage k + 1 only by first reaching stage k. However, the periodic/ annual evaluations of study participants imposed challenges for the ordinal Markov transition model, inasmuch as the exact transition time was rarely observed and the intervals between adjacent visits were not equally spaced. Although these challenges could be handled by modeling the transition intensities in the continuous time setting instead of the transition probabilities, 10 the approach is computationally expensive and the parameters are difficult to interpret clinically. To address this problem, we exploited the fact that menstrual cycles are approximately monthly. We discretized the continuous time with the minimal step as 1 month and approximated the transition intensity matrix in the continuous time setting by a one-step transition probability matrix in a discrete time scale. We investigated the effects of covariates on the transition probabilities through a proportional odds model (Appendix 1). This formulation led to an efficient parametrization, a computationally efficient estimation procedure, and interpretable parameters in terms of the progression to menopause.
We first screened each covariate to determine that it had sufficient prevalence for valid inferences and a differential distribution across the menopausal stages to be considered a predictor of menopause. We then fit the ordinal discrete time Markov transition model 11 for each selected covariate individually. We fit these univariate models with distinct slopes, which means that the covariate had different effects depending on the current stage, and with common slopes, which means that the covariate had a similar association for every transition. A likelihood ratio test was performed to select between the distinct slopes and the common slopes for further analyses. The set of significant covariates was then evaluated jointly in a multivariate model, and backward model selection was performed based on the likelihood ratio test to achieve model parsimony.
In these models, odds ratios (ORs) greater than 1 indicate an increased odds of reaching the next menopausal stage for each unit increase in the covariate (for continuous variables such as age and hormone levels). For categorical covariates (smoking, race), the OR represents the comparison between the two groups defined by the variable. ORs less than 1 indicate that the odds of reaching the next menopausal stage increase as the measured levels decrease.
The full cohort was analyzed (N = 436), with 10 participants (2.3%) omitted in the Markov model because of missing variables. The two hormone values obtained in each study period were averaged for each participant. In cases where two hormone values were not obtained in an assessment period, the single value was used. The hormone values were transformed to the natural log in all analyses. Mean hormone values are expressed as the geometric mean with 95% CIs. Analyses were performed using a FORTRAN program ORDMKV, 12 which uses the Quasi-Newton method to maximize the likelihood and simultaneously gives the parameter estimates and the large sample variances. Statistical tests were two sided, with P G 0.05 considered significant. Table 2 shows the summary statistics for the study variables at each menopausal stage. The mean (SD) age for all observations in stage 1 (premenopausal) was 42.5 (3.5) years and 50.2 (3.2) years in stage 5 (postmenopausal). All participants were premenopausal at the study baseline; 65 participants were postmenopausal at the endpoint. Age, cycle length, FSH levels, and BMI increased with menopausal stages. Inhibin B levels decreased with menopausal stages, whereas estradiol levels initially increased and then decreased in stages 4 and 5. The proportion of African Americans and whites varied at each stage, with more African American than white women entered in the earliest transition stages (stages 2 and 3) but more whites in stages 4 and 5. Reported smoking and alcohol use slightly increased between stages 1 and 5. The mean (SD) age at menarche was 12.66 (1.76) years.
RESULTS
The covariates most strongly associated with entry into menopausal stages in univariate Markov models were increasing FSH levels (P G 0.001), decreasing inhibin B levels (P G 0.001), and age (P G 0.001). These variables had highly significant associations with each transition stage, including the earliest stages, and significant common slopes, indicating that the effects of these variables were similar across all stages. Decreasing estradiol (P = 0.033), current alcohol use (P = 0.026), and current smoking (P = 0.057) also had a similar effect across all stages in the univariate models (Table 3) .
Race (P = 0.018) and BMI (P = 0.027) had different associations at different stages of the menopausal transition in unadjusted analysis. African American women were more likely to enter the earliest stage compared with white women (P = 0.002), but entrance into subsequent stages did not significantly differ between the two racial groups. Participants with higher BMI were more likely to enter the earliest stage compared with those with lower BMI (P = 0.041), although they were less likely to reach postmenopausal stage (P = 0.034). Age at menarche had no significant association with the transition stages. Cycle length was not considered a predictor of transitions to menopausal stages because it was used to define the stages.
Six covariates remained significantly associated with the transition to menopause after adjusting for all other variables in the multivariable model ( Table 4 ). The likelihood of moving into each transition stage was 2 times greater for each unit increase in log FSH (OR, 2.09; 95% CI, 2.04-2.15; P G 0.001). The likelihood of moving into each transition stage was approximately 12 times greater with each unit decrease in log inhibin B (OR, 1.57; 95% CI, 1.14-2.15, P G 0.001). Although higher estradiol levels significantly increased the odds of entering the earliest stage (OR, 1.32; 95% CI, 1.06-1.65; P = 0.013), the probability of reaching postmenopause was associated with lower estradiol levels ( Table 4) . Current smoking increased the likelihood of moving into each stage of the transition by approximately 30% (OR, 1.30; 95% CI, 1.28-1.32; P G 0.001).
To interpret these hormone changes clinically, Table 5 shows the mean observed value for each hormone at each menopausal stage. We also present the OR with 95% CI estimates for the mean change of the hormone level to each menopausal stage from the previous stage (back-transformed from the mean hormone changes on the log scale in the analysis). For example, the largest change in average FSH levels was seen in the comparison of women in the late transition (stage 4), with an average of 24.78 mIU/mL, with those in the early transition (stage 3), with an average of 10.38 mIU/mL. Women experiencing this amount of change in FSH had an odds of transitioning from stages 3 to 4 of 1.90 (95% CI, 1.86-1.95). Average estradiol levels did not change dramatically between stages, and therefore, the influence of estradiol on the odds of transition to the subsequent stage was relatively modest (ORs ranging from 1.01 in stages 2 and 3 to 1.05 for Data are for the observation n at each stage and are given as mean with SD, geometric mean with 95% CI, or percentage of participants as appropriate for the variable. The mean (SD) age at menarche was 12.66 (1.76) years. FSH, follicle-stimulating hormone; BMI, body mass index.
stages 4 and 5). Decreases in inhibin B resulted in ORs similar to the magnitude of changes in FSH.
Increasing age was a significant predictor of entry into all but the earliest menopausal stage in multivariable analysis (P G 0.001). As a predictor, the strongest association of age was with the late transition stage, with a 15% chance of entry into the late transition for each increased year of age (Table 4 ). This transition occurred more rapidly than transitions into other stages as implied by the ORs (OR of 1.15 to the late transition compared with OR of 1.07 to the early transition and OR of 1.04 to the postmenopausal stage).
The effect of race remained significant for entry into the earliest transition stage in the multivariable analysis. African Americans were more likely to enter the earliest stage After adjustment for all risk factors in the multivariable model, the strongest predictors of entry into each menopausal stage were FSH levels, inhibin B levels, and current smoking. We then examined the influence of FSH levels and smoking at each stage to estimate the predicted number of years to menopause (Figs. 1A-D) . Figure 1A shows that for women in stage 1 (premenopausal), nonsmokers with an FSH level of 10 mIU/mL could expect to reach menopause in just less than 14 years on average, whereas smokers could expect to reach menopause in just less than 13 years. Nonsmokers with an FSH level of 30 mIU/mL in stages 2, 3, or 4 could expect to reach menopause in just less than 9, 6, or 22 years, respectively. Smokers consistently had a shorter time to menopause, with estimates of just less than 8 years in stage 2, 5 years in stage 3, and approximately 2 years in stage 4. Table 4 ) for the observed change in log-hormone levels from stages j<1 to j. 
DISCUSSION
This study identified influential predictors of entry into each stage of the menopausal transition. The strongest predictors for the earliest transition stage, which was defined by more than 7 days of shifts in cycle length, and all subsequent stages were increasing FSH levels, decreasing inhibin B levels, and current smoking after adjusting for other risk factors. In contrast, estradiol levels and race were associated with entry only into the earliest stages, whereas BMI, alcohol use, and age at menarche were not significant predictors of entry into menopausal stages after adjusting for other risk factors of the study.
Although epidemiologic data have indicated that specific FSH cut points are not reliable predictors for the earliest transition stages, the present findings are consistent with a comprehensive study of endocrine features of menstrual cycles, in which the earliest transition stages were associated with elevated FSH levels and erratic and often elevated levels of estradiol. 13/15 These researchers then studied antimüllerian hormone levels and concluded that an index of the FSH to inhibin B ratio together with antimüllerian hormone was the measure to clinically identify entry into the menopausal transition.
14 This study indicates the major role of FSH in the estimated probabilities of entry into each transition stage in distinction to other associations of FSH levels that have been previously reported. FSH levels were associated with bleeding criteria proposed to identify the STRAW early transition stage and indicated that a persistent more than 6 days of difference in cycle length was the earliest of the studied criteria. 16 FSH levels predicted time to menopause, in contrast to the present study in which FSH levels predict entry into each stage of the menopausal transition. 17, 18 Examination of the rate of change in FSH levels demonstrated a rate shift at ages 40 and 42 years, with major acceleration at age 45 years, 19 findings that are consistent with our observations that the most rapid transition occurred in the late transition stage.
The associations of estradiol had different directions with different stages. Increased estradiol levels were significantly associated with entry into the earliest transition stage, whereas decreased estradiol levels were associated with entry into the postmenopausal stage. The different directions of the estradiol associations with menopausal stages suggest that there may be an interaction among the hormones, although this could not be determined in this study. A decrease in estradiol approximately 2 years before the final menstrual period has been consistently reported, 20 but the causes of increased estradiol in the early transition are less well understood. A recent study of hormone patterns in the menopausal transition identified FSH increases in the luteal phase sufficient to recruit responsive follicles and a superimposition of follicular and luteal phases. These luteal out-of-phase events led to high and erratic estradiol levels in the menstrual phase and could result in the alternating normal, short, and longer cycles that are observed in the early transition stage. 21 Current smoking increased the likelihood of entry into each menopausal stage and has been consistently associated with an earlier age at menopause in other studies. 22/26 Some but not other studies demonstrated a dose-response relationship between smoking and menopause, 23, 26, 27 although whether smoking affects the timing of menopause through effects on estrogen metabolism or other mechanisms remains unclear.
Race was associated only with the earliest transition stage, with no racial differences in the transitions to subsequent stages in this study. It remains unclear whether an earlier entry into the transition results in an earlier menopause. One study reported an earlier age at menopause for African American compared with white women, 23 and another study reported a later menopause among African American women, 26 whereas the Study of Women's Health Across the Nation did not find a difference between African American and white women in age at menopause. 22 Santoro et al 28 reported that African American women had a greater likelihood of anovulatory cycles, greater progress to early perimenopause, and greater progress to late perimenopause. These researchers also found a positive association of BMI with anovulatory cycles that ended with bleeding, although other reports indicate that high BMI is associated with increased age at menopause. 25 We found a differential association of BMI only at entrance into the menopausal transition and not at later stages. This suggests that obesity may be associated with follicular dysfunction that alters the bleeding patterns that define menopausal stages rather than with diminished ovarian reserve. 29, 30 Further studies are needed to clarify the associations between obesity, race, and menopausal stages.
The menopausal stages in this study were adapted from STRAW stages, which are still in flux and require clinical validation. We divided the STRAW early transition stage (late premenopausal and early transition as defined above ) to detect significant associations and changes in the earliest stages of the menopausal transition and previously confirmed that significant and differential changes in FSH, inhibin B, and luteinizing hormone levels could be observed in these earliest stages. 5 We used the original 90-day amenorrhea criterion for entry into the late transition stage, but a recent study of 60-and 90-day amenorrhea as markers of the STRAW stages demonstrated that 60-day amenorrhea was an acceptable criterion for entry into the late transition stage. 31 Other possible limitations of the study should be considered. The menopausal stages were defined by menstrual bleeding patterns at each assessment period, but the statistical models assumed only forward transition through the stages. It is possible that menstrual cycle changes between assessment periods were missed, although time was not a variable in these analyses, and, if misclassification of menopausal stage occurred, it would not alter the associations of risk factors and the estimates of the likelihood of transition to the next menopausal stage. The hormone measures were obtained in the follicular phase when the measures are believed to be most reliable but do not address questions pertaining to the luteal phase or the dynamics of the full menstrual cycle. The behavioral and demographic risk factors were selected on the basis of evidence in previous studies, but other risk factors may be important. The current model assumes that timedependent covariates such as BMI and smoking are measured concurrently with menopausal stage, but we did not explicitly evaluate the impact of changes in these risk factors over time or how behavior modification might impact transition. Therefore, prediction from a longitudinal study such as this may not convert to practical clinical use, and caution should be taken in using these data in counseling women. Although dropout during the 10-year follow-up period could bias results, we know of no indication that dropout influences entry into menopausal stages, which was the outcome variable of this study. All available data were included in the models, which assumed that some data were missing at random and were nondifferential with respect to the outcome. Our findings are from a population-based cohort of urban, generally healthy, African American and white women with no current hormone use and may not be generalizable to all perimenopausal women.
CONCLUSIONS
This prospective examination of menstrual bleeding patterns in late-reproductiveYaged women indicates that changes in FSH, inhibin B, and current smoking are the strongest predictors of entry into the earliest stages and all subsequent stages of the menopausal transition as defined by changes in bleeding patterns. Current smoking increased the likelihood of entry into each stage of the transition by approximately 30%. Estradiol levels and race were associated only with entry into the earliest transition stage. Further studies of the duration in each menopausal stage and the overall time to menopause from the earliest transition stage would strengthen these findings. Other studies of associations between the dynamic APPENDIX 1 Those probabilities can be written in a matrix form, namely, the transition probability matrix: where z stands for covariates. The form is similar to logistic regression. Although in logistic regression, only transitions from one stage and in a given time interval can be modeled, here all the transitions can be modeled simultaneously and the time intervals are allowed to vary. If coming back is also allowed, the transition probabilities can be modeled as a proportional odds model (see Reference 4 in the present study, j = 5. Now the likelihood is established; for a given data set, maximizing the likelihood over the parameter space produces estimates and corresponding large sample variance. Inference can be made based on those estimates.
One further step is to restrict one covariate that shares a common slope over different starting stages, and this assumption can be tested using likelihood ratio test. Also, one covariate can also be allowed to enter the model in some stages but not in other stages.
